INTRODUCTION
Malaria continues to be a major cause of morbidity and mortality in tropical and subtropical countries of the world, particularly in Africa. In Latin America, 1.1 million slideconfirmed cases were reported to the Pan American Health Organization (PAHO) in 1996, 1 representing a major public health problem for the affected countries. In Colombia in the 1990s, the annual number of cases ranged between 100,000 and 200,000, about double the number in the 1980s. 2 Health sector reform has, in many countries, led to malaria control being changed from a vertical program to an integrated, local-level activity. In Colombia, malaria vector control has devolved from the Ministry of Social Protection to state (departamento) level and even, in a few cases, to district (municipio) level. At the same time, the main control activity is shifting from house spraying with residual insecticides to the impregnation of mosquito nets, with more emphasis on prompt diagnosis and treatment. 3 Insecticide-treated bed nets have been demonstrated to protect against malaria in some parts of the world, in particular sub-Saharan Africa, [4] [5] [6] [7] even when the nets are damaged. 8 These benefits have been demonstrated most clearly in children and pregnant women. Moreover, available evidence does not suggest that older children suffer a "rebound" effect due to delayed acquisition of immunity. 9 However, it is not clear whether the results can be generalized to Latin America. As reviewed by Zimmerman and Voorham 10 and Kroeger and others, 11 available results from the Americas are equivocal and are thought to depend, at least in part, on the timing of vector biting. To assess the degree of protection from mosquito nets, as used in the areas over beds or hammocks, and hence to inform malaria control policy, we carried out a case-control study of incident malaria in urban and rural parts of the Colombian Amazon. The study was done within the catchment areas of the health facilities of the eponymous settlements of each of the three districts. Leticia town lies on the Amazon river and, in 2003, had a population estimated as 68% of the district total of 27,782, the rest of the district being rural, according to projections from the 1993 national census (http://www.dane. gov.co/inf_est/censo_demografia.htm). Puerto Nariño is a rural district upstream from Leticia, whose projected 2003 population was 6,823, of which 23% was estimated to be the main settlement. Tarapacá district is to the north of Leticia, on the river Putumayo. The district's projected 2003 populations was 3,979, with 44% in the main settlement.
MATERIALS AND METHODS

Study
Malaria transmission occurs throughout the year in Tarapacá and is usually greatest between August and December. 12 In the other two areas, transmission is lower and only occurs during or after the wet season, usually in the second half of the year. 12 The ratio of malaria cases with Plasmodium vivax to those with Plasmodium falciparum is roughly 2:1; for example, in 1996-1997 it was 63%:37%. 12 The most important Anopheles species in the Amazon region are Anopheles darlingi and Anopheles oswaldoi. 12, 13 A detailed description of the vectors in the current study area will be presented elsewhere. The catchment areas of the health services include both rural and urban areas. In the former, transport is largely by boat, so settlements far from a navigable river are hard to reach. Therefore, enrollment was restricted to the urban and peri-urban areas of Leticia and to specified areas of Puerto Nariño and Tarapacá (each main settlement, plus 15 and 7 villages, respectively, the largest of which are shown in Figure  1 ). The study was based in the state Health Department (Secretaría de Salud del Amazonas) in Leticia.
Malaria control program. The Health Department continued its normal malaria control measures throughout the study. Vector control includes impregnation of existing nets, which have typically been bought from local shops, and are mostly rectangular and made of nylon, with a very few of cotton. A small proportion of nets have been donated from the departmental control program. Within the current study, no nets were distributed, other than to replace those taken for measurement of residual insecticide. Deltamethrin is used, either as 2.5% suspension concentrate or tablets (K-Othrine 25 SC or K-O Tab, Aventis CropScience Colombia S.A., Bogotá , Columbia). For each method, the aim is to deposit 25 mg/m 2 . In the 3 years 2001-2003, 2,431 nets were treated in the Tarapacá area, 1,817 in Leticia, and 2,007 in Puerto Nariño. Households are asked not to wash these nets for 6 months after impregnation.
Malaria cases are identified by both active and passive detection. Each village's primary health worker makes weekly house to house visits and takes a blood slide from those with malaria symptoms. In Leticia, there are no weekly visits but, when a case presents to the health service, outbreak control is done in their neighborhood. The slides are taken to the laboratory in each district's main settlement, where they are read by a trained laboratory technician. When the blood slide is positive for malaria, antimalarial drugs are administered as follows: chloroquine plus primaquine for P. vivax; chloroquine (or amodiaquine when available) plus sulfadoxine/ pyrimethamine plus primaquine for P. falciparum. All positive slides, plus 10% of negative ones, are re-read by a second laboratory technician in the reference laboratory in Leticia. In Tarapacá and Puerto Nariño, the health department provides the only malaria diagnostic service. In Leticia, there are other facilities but all their positive slides are re-read by the health department.
Study design. The study had a matched case-control design. Cases were people diagnosed with malaria by the health services as described in the previous paragraph: most of the current authors are employees of the health department. Eligibility criteria for cases and controls are described in detail in Table 1 . In summary, the study definition of a malaria episode required both a positive blood slide and specific symptoms. Therefore, if a potential control did not report those symptoms, they would be eligible as a control (subject to meeting the other criteria). If, on the other hand, they did report those symptoms, then the health department records were checked for a positive slide, in which circumstance they would not be eligible as a control. It is not possible to confidently separate new from recurrent infections (especially for P. vivax), but we used a cutoff of 28 days as an approximation. Similarly, people who had moved into the study area, as new residents, in the previous month were excluded. However, we did not attempt to exclude episodes contracted by established residents when traveling outside the study area: in fact, these were of interest to the study. Police and military personnel were excluded because their inclusion requires special permission from the ministry of defense.
Controls were matched on age, sex, and area of residence. The age bands were 1-5, 6-10, 11-20, 21-30, 31-40, 41-50, and Ն 51 years. In rural districts, and in Puerto Nariño, the matching area of residence was the whole settlement. The main settlement of Tarapacá was split into two parts: subject or not to inundation by the river Putumayo. In Leticia, matching was done on barrio, or town district. For the identification of potential controls, existing census lists, maintained by the health department, were used. If there were more than four, a table of random numbers was used. Concurrent sampling was used; in other words, each control was selected from those at risk when a new case is diagnosed. This means that, for our malaria end point, it was possible for a control to be enrolled as a case later, and vice versa. 14 The sample size was calculated following Hayes and others, 15 aiming to detect an odds ratio of 0.67 for net use, approximately the magnitude found in The Gambia. 16 We also assumed: that two thirds of the controls would use nets (based on unpublished data from state health department), 90% power, significance level of 5% (two-sided), and with a 25% increase to allow for control of confounding variables. The target number of controls per case was four, although three was used in the sample size calculation to allow for the fact that the matching criteria restrict the number eligible. The above parameters gave a sample size of 453 cases. Based on past records of the health department, we planned to enroll this number in two seasons of peak malaria transmission.
Potential risk factors. The same questionnaire, in Spanish, was used for both cases and controls. Information was collected on whether the person slept the previous night on a bed, hammock or floor, and whether they did so under a mosquito net (toldillo); other methods for protection against mosquitoes; washing and impregnation of any net, and whether it was bought or donated; travel history during the past month, including destinations and net use when traveling; self-identified ethnic group; education; occupation; and house construction, including the presence or absence of eaves. In addition, for the roof, floor, and walls, the principal construction was recorded, and the presence or absence of holes and cracks. Condition of the net was assessed by measuring the total circumference of all holes and tears in the net. Measurement of residual insecticide. Bioassay was used to measure the persistence of insecticide and relate it to respondents' recall of frequency of washing and insecticide treatment. Following Curtis and others, 17 part of the net, usually the middle of one side, was wrapped around a cubical wire frame of side 15 cm. One experiment was done on each of 67 nets, using mosquitoes that had been obtained from human bait catches (to be described elsewhere). The average number of mosquitoes per experiment was 11.5 (range [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Time to each knockdown was registered, up to a maximum of 15 minutes. Bioassays were conducted using any of 5 species of blood-fed Anopheles collected in the study area (An. darlingi, An. oswaldoi, An. nuñeztovari, An. mediopunctatus, and An. braziliensis).
Wealth ranking. To measure socioeconomic status, a possible confounder of an association between net use and malaria, we used the method of Grandin. 18 This was done within each matching area. Because each case is compared only to their matched controls, we do not need, and do not attempt, to measure differences between matching areas. Local informants were asked to rank households according to their perception of socioeconomic status. We began by choosing the local informants; they were long-standing members of the community, such as community leaders, healers, and primary health workers. A household was defined as group of persons living under the same ceiling and eating from the same pot. Households were ranked within the same geographical areas used for matching cases and controls. The names of the household heads were written on cards and shuffled. The informants made piles of them, according to the indigenous concept of wealth of each household. The informants chose the number of categories, subject to it being at least 3: in practice it varied from 3 to 10. Finally, the informants were asked to comment on the factors that were important in defining their categories.
Data processing and analysis. The data were entered using Epi Info version 6 (Centers for Disease Control, Atlanta, GA). Double entry was done for the main risk factor form, but the wealth ranking and entomological knockdown data were single-entered. Statistical analysis was done with Stata version 8 (StataCorp, College Station, TX).
The analysis of the wealth ranking was complicated by the fact that different informants may use different numbers of categories. This means that, for example, a difference of three ranks between a case and control may, in one exercise, cover the entire wealth range, but in another only one third of it. In addition, individual cases and controls may have multiple ratings over the course of the study, based on different numbers of ranks. To allow for this, the ranks were related to a hypo- • Age at least 1 year.
• Main residence in the study area for at least 1 month.
• Not police or military personnel. Applied only to controls
• If had symptoms characteristic of malaria (see above) in the previous 2 weeks, were excluded if health records showed a positive blood slide in that time.
thetical underlying continuous scale, arbitrarily taken to run from 0 to 10, with higher numbers indicating more wealth. Each informant was assumed to be dividing this scale into a number of equal bands, and a household's rank was converted to a score equal to the midpoint of the corresponding band. For example, rank 3 in a four-category system was taken to be the midpoint of the third of four equal bands, that is, midway between 5 and 7.5 (i.e., a score of 6.25). These scores were then averaged over informants, for each ranking exercise. For analysis, each case's score was taken from the exercise that was nearest to the date of their risk factor questionnaire, with control data taken from that same exercise, thereby maintaining the matched nature of the analysis. Risk factors were assessed by conditional logistic regression. The concurrent sampling design means that the odds ratio estimates the disease rate ratio (RR). 14, 19 To simultaneously compare the use of impregnated net, unimpregnated net, or no net, we use a triangle plot, also known as a profile plot. 20, 21 The three odds ratios can be shown in this twodimensional graph because of their mutual dependency. 21 A multivariable conditional logistic regression model, for factors in addition to net use, was built by adding other factors one at at time, and retaining those which were statistically significant (by likelihood ratio test) or materially confounded the effect of net use (changed the odds ratio estimate by more than 15%). The population attributable fraction (PAF) of selected risk factors-i.e., the proportion of all cases which would be prevented by removing that risk factor, assuming it is causal, and its effect measured accurately-were estimated by multiplying the proportion of exposed cases by (RR − 1)/RR, where RR is the adjusted measure. For multilevel exposures, the total PAF is the sum of the single-level PAFs. 22 For the bioassay, mosquito knockdown times were analyzed by the Cox regression technique of survival analysis, using the sandwich estimator 23 ("robust cluster" in Stata) to allow for clustering within nets. This yields ratios of the rates at which mosquitoes are knocked down.
Ethical approval. Approval was given by the ethics committees of Instituto Nacional de Salud and the London School of Hygiene and Tropical Medicine. Potential cases and controls read, or had read to them, an information sheet outlining the rationale and procedures of the study. They were then asked to record their consent on a form, by signature or finger print. Consent of a parent or guardian was required for those less than 18 years.
RESULTS
The enrolment of cases over time is shown in Figure 2 , and Table 2 shows a basic description of the study participants, comprising 290 cases and 977 controls. The vast majority (89%) of cases were enrolled in the Tarapacá area, and the number of P. vivax cases was almost double that of P. falciparum. The average number of controls per case was 3.4, compared with the target of 4. The average time from taking of the case's blood slide to the study interview was 5.0 days for cases and 5.1 days for controls. The vast majority (94%) of nets had been purchased, and among controls (who are more representative of the general population), most slept either on a bed (44%) or the floor (51%) rather than a hammock (0.7%). The mean number of occupants of controls' nets was 2.5. Table 3 shows single variable analysis for the sleeping under a net, and the other main candidate risk factors. More than 90% of both cases and controls reported sleeping under a net the previous night. However, cases comprised a disproportionate number of the non-users: the odds ratio (OR) for malaria for those using an ever-impregnated net, relative to no net use, was 0.42, which was statistically significant at the 5% level (95% confidence interval [CI] 0.20-0.87, P ‫ס‬ 0.021).
The three-way comparison of net use is shown in Figure 3 . The ellipsoidal confidence region is narrower for the comparison of impregnated and unimpregnated nets (lower axis), reflecting the fact that most people did use a net of either type. Other positive risk factors (i.e., associated with increased risk of malaria), when considered individually, were ethnic group, with Ticunas having a lower risk than others; sleeping elsewhere in the previous month; using a non-net method against mosquitoes (most commonly bomba or insecticide spray), and having a shorter period of normal residence in the study area (but always at least 1 month, as this was an eligibility criterion). Education of secondary or higher level was also associated with higher risk but with borderline significance (P ‫ס‬ 0.04). A total of 29 wealth-ranking exercises were done, 28 in the Tarapacá area and the other in the Puerto Nariño area; the process was not practical for urban Leticia. Six of the exercises used 3 informants, and the remaining 23 used 1. The average number of households ranked per exercise was 38, and the numbers of cases and controls assessed are shown in Table 3 . There was no apparent association between malaria and higher wealth ranking, whether split into three levels or considered as a continuous variable.
When building up the multivariable model, ethnic group, sleeping elsewhere, and use of other anti-mosquito measures retained their statistical significance. The final model is shown in Table 3 . Education, condition of the house walls, duration of living in the study area, and occupation did not materially confound the association with impregnated net use: the adjusted ORs were, respectively, 0.47, 0.47, 0.47, and 0.44, compared with 0.44 in the final model. Wealth ranking was not included because of the large number of missing values, and the lack of evidence for association with the outcome. In the final model, use of impregnated net, relative to no net use, is still associated with a protective effect, in terms of mild malaria, of slightly over 50%, but now has only borderline sta-FIGURE 3. Triangle plot of the odds ratios for sleeping under impregnated net, unimpregnated net, or no net, as risk factors for malaria. Each axis shows one of the mutually dependent odds ratios (from Table 3 ), with the + symbol indicating their joint effects and the univariate confidence interval in bold. Each odds ratio is the ratio of the other two, so a point defined by any of the two axes can be read off on the third. The ellipsoid is the joint 95% confidence region, centered on the point estimate. The * symbol indicates the summary odds ratios from Lengeler's systematic review. tistical significance (OR ‫ס‬ 0.44, 95% CI 0.20-0.98, P ‫ס‬ 0.043). Although never-impregnated nets had a weaker effect, which was not statistically significant, it was close to that for impregnated nets, and the two confidence intervals largely overlap. When the travelers were split according to net use when traveling, those who did not use a net had an even higher odds ratio (17.7, Table 4 ). Among nets owned by controls, 43% had no holes or tears, and, in another 31%, they were of total circumference 20 cm or less. Table 4 shows that neither condition of the net, nor washing frequency, showed any sign of affecting the risk of malaria. Surprisingly, the protective effect was greater for P. vivax than P. falciparum, although the latter's confidence intervals are wide, with baseline net group having only four cases.
To investigate the accuracy of the reported treatment status of the nets, we bioassayed 67 nets with 770 Anopheles mosquitoes. 18 nets were from cases, 24 from controls, and 25 from people who had been neither. Control nets tended to have a higher death rate, but not statistically significantly so (rate ratio 1.30, 95% CI 0.81-2.10, P ‫ס‬ 0.28). We categorized the nets into those reported never impregnated (N ‫ס‬ 8), those reported impregnated 6 months or more ago (N ‫ס‬ 34), and those reported impregnated less than 6 months ago (N ‫ס‬ 25). Within these groups, the proportions of mosquitoes surviving till 15 minutes were, respectively, 63 of 74 (85%), 207 of 409 (51%) and 101 of 287 (35%). It was not always possible to calculate the exact median knockdown time per net, because in 34 experiments (8 of 8, 19 of 34, and 7 of 25, respectively, by impregnation category) the majority of mosquitoes were not knocked down before the limit of observation of 900 seconds. However, the medians of the net-wise median knockdown time were > 900, > 900, and 740 seconds, respectively. The knockdown rate ratios for the two impregnated net groups, relative to non-impregnated, were 4.39 (95%CI 1.94-9.9) and 6.26 (2.73-14.4), respectively, P < 0.001 for each. Therefore, the reported impregnation status was strongly associated with anti-mosquito activity. Differences in knockdown rate between the Anopheles species were not statistically significant ( 4 2 ‫ס‬ 3.16, P ‫ס‬ 0.53). Nets were also categorized into not impregnated; impregnated, and washed in the previous 14 days; and impregnated but not washed in the previous 14 days. There was negligible difference between the last two levels (knockdown rate ratio ‫ס‬ 1.04, P ‫ס‬ 0.92).
DISCUSSION
There have been few evaluations of treated or untreated mosquito nets in the Americas. Zimmerman and Voorham concluded that most studies suffered from design flaws, and that it would be "premature to use insecticide-impregnated mosquito nets or other materials as a major component of an integrated malaria control program in the Americas as this time." 10 Early vector biting and heterogeneous human activity patterns may tend to limit the benefit of nets, while relatively low incidence, and a high proportion of P. vivax malaria, make it difficult to measure the extent of any such benefit. The only American studies included in Lengeler's systematic review 7 were those done by Kroeger and others in Ecuador, Colombia and Peru, 24 of which only the Colombian one showed a benefit of net use, which was in terms of clinical malaria episodes.
The current study was intended to add to the available evidence, and, more specifically, to address the need of the health services of the tri-national border area for guidance on the role of nets in their health programs. 25 Despite running the study for three peak transmission seasons instead of the planned two, we were able to enrol only 290 cases rather than the target of 453. Even had resources permitted us to run the study for another year, we would not have been confident of reaching the target number. Nevertheless, it is a large study when compared with others done in the Amazon region, and has yielded useful findings. The proportion of people using nets in the area was much greater than expected (96% of controls), so there does not seem to be a need for mass distribution of nets. Impregnated nets were associated with a reduction in malaria of more than 50%, relative to no net use. The protective efficacy from the multivariable model was 56%, similar to the corresponding summary value of 48% from Lengeler's Table 5 . 7 In our study, the advantage of impregnated over non-impregnated nets was not statistically significant (protective efficacy of 21%, again similar to Lengeler's summary value of 16%, as shown in Figure 3) , nor was the advantage of more-over less-recently treated nets. On the other hand, a recent randomized trial, in the Amazonas State of Venezuela, of lambdacyhalothrin-versus placebo-treated nets found a protective efficacy of 55%. 26 The modest effect in our study, despite the increased knockdown rate for impregnated nets (rate ratio of 6.2 or 4.6, compared with nets reported ever impregnated, depending on how recently the impregnation was done), suggests that a large proportion of mosquito biting may occur when people are not sleeping under their nets. This was explored in parallel entomological studies, which will be reported separately. We found little evidence of increased risk associated with either greater washing frequency, or of larger gaps in nets. Overall, these findings suggest that, although impregnated nets are effective against malaria, the possible commitment of greater resources to impregnation should be weighed against other candidate measures, such as reinforcement of early diagnosis and treatment. However, variation in terms of vector species, 27 and possibly of human behavior, mean that optimal policies may vary within the Amazon region.
Travel has often been found to be a risk factor for malaria, including recently in the Pacific coast region of Colombia. 28 In our study, travel in the previous month was a strong risk factor, with a population attributable fraction greater than that of non-use of impregnated nets (13% and 11% respectively, the latter being the total of 7% for using an untreated net, plus 4% for using no net at all). Travel increased the risk of malaria by a factor of more than 5; by more than 17 in those who did not use a net while away. This suggests that promotion of preventive measures in travellers could be an effective measure. On the other hand, there are signs that there is already good awareness of the risks: 90% of controls used a net when traveling, and 72% of traveling cases believed they knew where they had contracted malaria. In this part of Colombia, international travel complicates the picture, with most cases treated in Leticia being residents of Brazil (and hence not eligible for the current study).
The excess malaria risk associated with non-net antimosquito measures-mostly sprays-is perhaps surprising, although has been found elsewhere. 29 This association may result from higher use of sprays in areas with higher background rates of mosquito biting. On the other hand, in our study, they were associated with a lack of net use in controls: 41% of non-net users used them, but only 5% of impregnated net users. Therefore, another explanation for the excess risk among users of spray is that they do not feel the need to use nets, and educational measures against any such tendency could be worthwhile.
Surprisingly, unlike other studies in the Amazon region, 30 we found no association between malaria and socioeconomic variables such as occupation, locally perceived wealth ranking, and level of education. The excess risk associated with higher levels of education, as found in the univariable analysis, did not persist in the multivariable analysis, possibly because of confounding with travel. These negative findings may partly be due to problems we experienced with the wealth ranking technique. In particular, the local informants sometimes omitted people who were temporarily absent; it was difficult to prevent them conferring with each other; and the process was not feasible in Leticia. Matching on village probably reduced the power to detect some differences, such as those resulting from the lower fecundity of Cothue river compared with the Putumayo. However, there is still withinvillage variability: each village in the Tarapacá district has at least one household with a regular cash income, while the majority do not. Moreover, unlike Guthmann and others in Peru, 31 we did not find house quality to be associated with malaria risk. In additional analysis, we used principal components to try to distil the information on education, occupation, and housing condition (construction material, and the presence of ceiling, eaves, and nonclosable gaps). However, neither of the first two principal components showed any association with malaria risk (P > 0.1 for each). These results may be due, at least in part, due to suboptimal measurement methods: for example we recorded only the presence or absence of gaps in the construction, not their size. This, in turn, may have caused some degree of residual confounding in our estimates of the effects of mosquito nets.
Our case-control design does not allow for spatial variation in unobserved confounding variables occurring on a scale smaller than the geographical areas used for matching. In the Tarapacá district, from which 89% of the cases were enrolled, the villages ranged in size (based on tape measurements) from 180 × 60 m (Puerto Ticuna) to 410 × 170 m (Ventura), with the houses arranged in approximately rectangular nuclear patterns. Only in Puerto Huila were there any (two) houses outside the central area. Only two cases and three controls were enrolled from these, and, unsurprisingly, omitting them from the analysis did not change the results appreciably. The eponymous main settlement of Tarapacá was split, for the purpose of matching, into two areas, according to inundation risk. These two areas are not regularly shaped, but (based on GPS readings) their largest internal distances are approximately 1050 m and 600 m, respectively. These matching areas are not overly large, in terms of the requirement for a minimum the number of inhabitants to furnish age-matched controls. However, their geographical sizes are appreciable in comparison, for example, to the 500-m distance over which risk of malaria episodes was found to vary by a factor of 6 in Mozambique. 32 If such spatial variation exists in our study area, it could be another source of confounding, and would not be allowed for in our analysis. Although they do not have immediate implications for control, the differences between ethnic groups-specifically, the lower risk of Ticunas-merit further investigation. The Ticunas have a longer history of living in the study area, compared with groups such as the Boras and Huitotos who have arrived from the higher up the Putumayo-where malaria is less endemic-in the past 100 years. 33 The difference in malaria risk cannot be solely ascribed to individual-level acquired immunity-although this may contribute 34 -because the difference persisted after adjusting for time lived in the study area. Because controls were matched to cases within villages, the effects cannot be due to confounding by village. This suggests the possibility that the Ticunas have a raised frequency of a protective red cell or other mutation, which is conceivable, given the wide range of the Duffy FY*A allele frequency (54-95%) in indigenous South American populations. 35 We have found insecticide-impregnated mosquito nets to protect against malaria in the Amazon region of South America, with the effect of nonimpregnated nets being similar in magnitude but not statistically significant. Although fine-scale spatial variation may have contributed to residual confounding, our findings favor the promotion of nets in similar areas, if they are not already widely used. In this part of Colombia, the vast majority of people do already sleep under nets, suggesting that other measures will need to be considered if the kernel of uncontrolled malaria is to be reduced, and there is a particular need for measures to protect travelers.
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